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Introduction
Alloy 718 is an Ni-based, Nb-rich superalloy whose excellent mechanical properties are, in large part attributable to the precipitation of Ni 3 Nb phases: d precipitates (with a D0 a structure) and c 00 precipitates (with a D0 22 structure). Moreover, strong reactions of alloying elements with carbon to form carbides (WAC, CrAC) are used to strengthen the alloy by controlling the grain size during the elaboration process or to improve the high-temperature mechanical properties by reducing grain-boundary slippage [1] [2] [3] .
Alloy 718 is widely used in aqueous or H 2 -rich environments for high-temperature applications, even though, like many Ni-based alloys, it is susceptible to hydrogen embrittlement [4] [5] [6] [7] [8] [9] [10] and exhibits high solubility in hydrogen. Previous studies have suggested that the Nb atoms exert some influence on the hydrogen solubility of these alloys [11, 12] . In addition, some studies [9, 10, 13] have identified potential hydrogen traps in alloy 718:
niobium-rich phases such as carbides and d and c 00 precipitates. These traps remain active at moderate temperatures of up to 300°C. However, the exact role of d and c 00 precipitates in hydrogen trapping is not yet well understood. Indeed hydrogen can be diluted and become trapped in these precipitates or at their interfaces with the Ni-rich matrix. There are no data available regarding the interaction between hydrogen and Ni 3 Nb structures at the atomic scale.
The kinetics for the precipitation of Ni 3 Nb phases depends strongly on the C content in the alloy. The interaction of the C and H content in the presence or absence of Ni 3 Nb precipitates, i.e., in the presence or absence of an Nb-rich solid solution, remain unknown. We expect that, the solubility of the interstitials and their diffusion properties, particularly those of C and H atoms dissolved in the metal base structure, both may vary depending on the Nb content in the solid solution. Although the effects of the Nb content on the diffusion may be difficult to evaluate, ab initio calculations can help to determine the content of interstitials in Ni 3 Nb.
The results presented in this study provide information regarding the differences in H and C solubility between the Ni matrix and Ni 3 Nb structures. Although the structures of Ni 3 Nb are well known [14] [15] [16] [17] [18] , the interstitial sites and the solubility energies of light elements in such structures are currently unknown. Therefore, results concerning the solubility of C and H atoms in these structures were obtained using first-principles calculations based on Density Functional Theory and including the zero-point-energy correction for the H atoms. In addition, the effect of the Nb content in the nickel solid solution on the H solubility was investigated.
http://dx.doi.org/10.1016/j.jallcom. 2014.04.174 In the next section of the paper, ab initio calculations are presented. Then, in the following section, the ground-state properties of Ni 3 Nb structures are summarized. In the two subsections, the interstitial positions that C and H atoms can occupy in the D0 a and D0 22 structures are presented. Finally, assessments of the fractions of C and H present in Ni 3 Nb relative to the Ni matrix and the NbAC/H interactions in nickel are proposed.
Methods
Calculations were performed using the Vienna ab initio simulation package (VASP) [19] . The Kohn-Sham equations were solved by using the projector augmented-wave (PAW) method [20] to describe the electron-ion interactions and using the Perdew-Wang (PW 91) approximation [21] for the exchange and correlation functionals. Because no magnetism was found in the Ni 3 Nb structures, the magnetic moments were not included in the calculations (see below). In the case of the simulations of fcc Ni, magnetic effects were taken into account. The cut-off energy was set to 500 eV, and 20 Â 20 Â 10 and 20 Â 20 Â 20 k-mesh grids were used to sample the reciprocal Brillouin zone of the primitive cells of the Ni 3 Nb-D0 22 and Ni 3 Nb-D0 a structures, respectively. Lattice relaxations were introduced by means of a conjugate-gradient algorithm. These parameters provided accurate energies (less 3 meV/atom); many tests were performed to validate the choices of parameters.
Different configurations were considered depending on the specifics of the crystallography of each phase to evaluate the solubility energies and to determine the preferred positions. In the following discussion, we present only results related to the interstitial configurations because, as is the case in fcc Ni, the substituted configurations in Ni 3 Nb (results not reported here) have larger solubility energies than the interstitial sites. The solubility energies in the interstitial sites (E sol [X]) were calculated as follows:
where E o [X + Ni 3 Nb] and E o [Ni 3 Nb] are the energies of the system with and without any impurity in an interstitial site, respectively.
l o ½X ref corresponds to the potential energy (per atom) of the reference state. For H and C atoms (the H 2 molecule and diamond, respectively) and the Ni and Nb reference states (fcc and bcc structures), the ground-state properties found in this manner are in excellent agreement with the literature (see Refs. [22, 23] ). Table 1 presents a comparison of the optimized and experimental lattice parameters and the formation energies of the two structures. The results (lattice parameters and atomic positions) obtained in this study are in excellent agreement with those reported in the experimental [14, 15] and theoretical [16] [17] [18] literature; the discrepancy is less than 1%. The structures do not exhibit any magnetic behavior, even when interstitial elements are inserted into the networks (several tests were performed to confirm this claim). The D0 a structure is slightly more stable than D0 22 , as indicated in the literature.
Ni 3 Nb systems

Solubility in D0 a
In the case of the Ni 3 Nb-D0 a system, 2 Â 2 Â 2 supercells were used to determine the optimized positions for H and C atoms and to compute their solubility energies. The mean distance between two adjacent impurities was equal to approximately 8.5 Å. Fifteen different (non-equivalent) initial positions were considered, and all configurations were fully relaxed. The same initial positions were used for both elements. After relaxation, only a few non-equivalent positions were identified, i.e., 5 and 7 for the C and H atoms, respectively. All positions are illustrated Figs. 1 and 2. The optimized positions are listed in Table 2. Table 2 also presents the solubility energies of the optimized configurations.
For H atoms, several configurations, i.e., seven final positions (see Fig. 2 ) were obtained. Nevertheless, there is only one preferred site for H atoms: the 4e position (0, 0.49, 0.36). Its solubility energy is significantly lower (0.12 eV) than those of the other configurations (>0.31 eV).
For H atoms the zero-point energy (ZPE) plays a significant role in the solubility energy. The H frequencies and, therefore, the ZPE (using the P i hx i =2 formula at 0 K) were computed for the most stable configuration. The H frequencies were calculated only to first order, neglecting the vibrations of the network. They were computed using a frozen-mode approach, in which the relative displacements were equal to 0.01. We obtained three frequencies of 1423, 1239 and 798 cm À1 ; the ZPE is thus equal to approximately 210 meV. When the ZPE of the H 2 molecule (approximately 134 meV) is taken into account, the vibrational solubility energy is equal to 77 meV for H atoms in the D0 a structure. In fine, the solubility enthalpy of H atoms in D0 a is equal to approximately 0.19 eV.
For C atoms, five configurations were found. The 4d position (1/4, 1/4, 1/2) was determined to be the most stable position. Its Table 1 Lattice parameters (in units of Å), magnetic moments (l in units of l B ) and cohesive energies (E coh in units of meV/atom) of the Ni3Nb-D0a and Ni3Nb-D022 structures. solubility energy is equal to approximately 1.06 eV. In contrast to the H case, there is a second site (not equivalent to the previous one) of comparable energy: the 4e position (1.18 eV). We also computed the ZPE for these configurations. We found 104 and 108 meV, respectively. For the reference state (C diamond), the ZPE at 0K is approximately equal to 178 meV [24] . The vibrational enthalpy is thus small, À74 and À70 meV, and does not change significantly the value of the formation enthalpy (the same comment could be done in the following for C atoms in solid solution in fcc Ni and Ni 3 Nb-D0 22 ).
Solubility in D0 22
To study the behavior of C and H atoms in D0 22 , 2 Â 2 Â 1 supercells were used. The smallest distance between defects in all directions was always larger than 7 Å. The distances between neighboring images were sufficient to neglect the interactions between them. Some simulations were performed using larger supercells (3 Â 3 Â 2) to test the accuracy of the simulations, and no significant difference was found in the final energies (approximately 15 meV; values are listed in Table 3 , indicated with Ã ). As in the case of D0 a , various initial configurations were considered, but only a few optimized sites were identified in D0 22 (considering the symmetries of the crystal). The results of the simulations are summarized in Table 3 .
For H atoms, five different configurations were obtained, with energies varying from 0.17 to 1.53 eV, depending on the site. Two additional specific configurations were also tested, (6) (1/4, 1/4, 3/8) and (7) (1/4, 1/4, 1/8) (see Fig. 3 ), but after relaxation, both converged toward a configuration that was equivalent to the (3) case.
The most stable configuration corresponds to the 4e positions (0, 0, 0.28), with a solubility energy of 0.17 eV. The second most stable configuration has an energy of 0.22 eV. The ZPE was computed for these two configurations in the same manner as for D0 a . For the first configuration, we obtained three non-equivalent frequencies, 204, 82 and 44 meV (1648, 666, and 353 cm À1 ). These results indicate that the ZPE is equal to 141 meV. For the second configuration, the frequencies were found to be 129, 77 and 75 meV (1041, 621 and 598 cm À1 ), yielding a ZPE value of 165 meV. Finally, when the ZPE of H 2 is taken into account, the formation enthalpies for the most stable and second most stable configurations are equal to approximately 0.18 and 0.25 eV, respectively.
In the case of C atoms, the preferred sites are the 4c (1.05 eV) and 4e positions (1.43 eV). As in the case of the H atom, configurations (5) and (6) were tested, but the final position was always (2) . It was thus determined that the solubility energy of the preferred site is the same as in D0 a .
Discussion
Robertson has noted [11] that for a given chemical composition, the solubility of H atoms in a nickel-based solid solution enriched with niobium strongly depends on the location of the niobium, i.e., a substitutional position or an intermetallic phase. In the case of alloy 718, it has been demonstrated that, two metallurgical states that leads to Nb atoms that exists exclusively in solid solution and the state that leads to Nb atoms forming Ni 3 Nb precipitates, do not dissolve similar amounts of H content as does pure nickel. Our DFT simulations on D0 a and D0 22 can be used to analyze and interpret these experimental findings. Therefore, previous results were compared with DFT-based results concerning the solubility of H in pure and alloyed fcc-nickel. The comparison was also performed for carbon.
Using the same DFT approach presented in Refs. [23, 25] , one finds that the solubility energy of C in nickel is equal to 0.57 eV (2.20 eV) for the octahedral (tetrahedral) site and that, in the case of H atoms, the solubility energy for the octahedral (tetrahedral) site is approximately equal to 88 meV (311 meV) [22, 26] . The H solubility energy, including the ZPE correction, is thus equal to 0.100 eV (0.411 eV) in fcc Ni.
Based on these values, the fraction of H/C atoms present in the precipitates was assessed, neglecting the segregation to the interface. To first order, the fraction F of X elements present in Ni 3 Nb relative to the Ni matrix can be written as: For a more thorough analysis, the influence of Nb atoms on the H/C solubility in nickel was studied. One Nb atom (Nb atoms are located in substitution sites in fcc Ni, see [27] ) was substituted into an Ni supercell (in 2 Â 2 Â 2, 3 Â 3 Â 3 and 4 Â 4 Â 3 supercells). Then, the XANb interactions (where X@C or H) were analyzed based on the XANb distance. The solubility energy was computed using the energy of the supercell with the Nb atom as the reference state (E o ½ðn À 1Þ Á Ni þ Nb), i.e.,
The results are presented in Table 4 .
In the case in which an H atom is located in the 1NN tetrahedral position, the optimized position relaxes to the octahedral 2NN site; the other tetrahedral configurations were not found to be energetically favored (data not reported here), as in the case of the ideal structure without any Nb atoms. In the octahedral sites, the 2NN-4NN configurations were found to have lower solubility energies than in pure nickel, whereas the 1NN configuration was found to be energetically unfavorable. The ZPE correction to the 2NN solubility is low, approximately 10 meV.
It can be deduced that when the Nb content increases (up to 3 at%), the H solubility energy decreases. It was also found that the solubility of H atoms in Nb-alloyed Ni should slightly increase in the matrix, which is in qualitative agreement with the experimental results [11] .
The Nb-rich region should trap more H atoms than the other regions. During the precipitation of Ni 3 Nb, hydrogen atoms do not segregate into precipitates, but because there is always a small amount of Nb present in the matrix, the solubility energy is always lower than in pure nickel. Similar results and analysis apply in the case of the C atoms.
Conclusion
All possible interstitial sites for H and C atoms were analyzed in detail in the Ni 3 Nb-D0 a and Ni 3 Nb-D0 22 structures.
The solubility energies for C atoms are equivalent in the two systems, approximately equal to 1.05 eV, which is significantly higher than the solubility energy in pure fcc Ni. C atoms should not segregate into these precipitates.
In the case of H atoms, different interstitial sites were identified. As in the case of carbon, the solubility energies in both Ni 3 Nb structures are similar when the ZPE correction (0.19 eV) is included. This solubility energy is slightly larger than that in pure nickel (0.09 eV).
Based on these results and at study of XANb interactions, the evolution of the H content in Ni-based superalloys was qualitatively explained: when Nb atoms are present in a solid solution, the H content increases, and Ni 3 Nb precipitates can dissolve only a low concentration of H atoms. Although the H (or C) solubility energy is higher in NbANi crystals than in pure nickel, indicating that these elements should be slightly soluble in Ni 3 Nb precipitates, Nb atoms in solid solution favor H solubility, which result is in agreement with various experimental observations. The volume in which hydrogen can be dissolved is reduced by the volume ratio of the precipitates. 
